Abstract: Through a numerical study, we proposed and demonstrated that the onedimensional periodic plasmonic-grooves (1D-PPG) can give rise to a super chiral field inside grooves under normal illumination with off-groove linear polarization. The handedness of the optical chirality of chiral field can be reversed by modifying the incident polarization angle from + 45°relative to groove's period direction to its mirror-symmetrical angle −45°. This makes possible a novel sensing scheme that utilize this polarization-dependent local chiral field for circular dichroism detecting; meanwhile, the dielectric environment-sensitive plasmonic resonance of 1D-PPG can be employed for refractive index sensing. This dualsensing strategy offers great potential for low-cost chirality sensing for chiral molecules.
Introduction
Circular dichroism (CD) spectroscopy, based on the differential absorption of chiral analyetes to left-handed circularly polarized light (LCP) and Right-handed circularly polarized light (RCP), can provide stereoscopic information related to the structure chirality for the chiral molecules [1] . The characteristic CD responses of most bio-molecules, however, are in the ultraviolet region. Furthermore, CD responses are relatively weak: typically several order of magnitudes weaker than the absorption of sample. Therefore, enhancement of the CD response of the chiral analytes, especially in the visible light region, is becoming a hot research issue [2] - [4] .
Plasmonic nanostructures have gained significant interests due to distinctive properties in their near field responses. By geometrical engineering, a variety of plasmonic nanostructures have been investigated and demonstrated as potential candidates for enhancing the CD response of chiral analytes [5] - [13] . Typical examples are the planar chiral nanostructures [14] - [16] . Since the nanostructure possessing certain handedness of structural-chirality has a different response to the different circularly polarized lights (CPL), such chiral nanostructure exhibits a CD response that is derived from the external chirality [12] , [17] . The external CD spectra of two enantiomorphous nanostructures were found to show a different spectral shift to chirality changes of the surrounding environment, thus they can be used for chiral sensing [3] , [4] , [18] . Other kinds of structures used for enhancing CD sensing include nanoparticles [19] - [24] , Three-dimensional helical structures [25] - [32] and some special structures [29] , [33] - [35] . Almost all the previous works on plasmonic-enhanced CD measurements rely on the commercial CD spectroscopy instruments, which is not universally available and/or affordable. It is, therefore, desirable if the CD detecting process can be performed in a simple and inexpensive setup using the linearly polarized light for illuminantion.
Fortunately, the plasmonic nanostructures again shed some light on this possible solution. In 2015, Tian et al. [36] showed that the chiral near field in the gap of metal block dimer can be obtained under illumination by linearly polarized light. Recently, a reflection-type CD detection scheme using the structure consisting of tilted metal slit and the mirror below was proposed [37] . This approach also works under illumination by linearly polarized light. Both pioneering works bring us closer to the goal. Nonetheless, issues remain that might limit their practical applications. For instance, in the work of Tian et al., the opposite chiral field coexisting outside the hotspots will deteriorate the overall performance of CD enhancement effect. As to the latter work, the method requires two mirror-symmetrical structures (or enantiomorphous structures) to respectively generate chiral field of different handedness in order to accomplish the CD detecting task. Such measurements to two samples will inevitably introduce non-negligible errors that will probably cover up the original tiny useful CD signal from the chiral analytes. Therefore, the scheme that can give rise to a signuniform and handedness-switchable chiral field on one plasmonic nanostructure under illumination by linearly polarized light is desired.
In this paper, one-dimensional periodic plasmonic-grooves (1D-PPG) was proposed to generate the enhanced chiral field by the linearly polarized light. We demonstrated the possibility of switching the handedness of optical chirality inside grooves through adjusting linear-polarization direction of the incident light. A novel CD spectroscopy scheme was proposed based on the differential extinction spectra of +45°and −45°off-groove polarization incidences. Furthermore, by taking advantage of the sensitivity of plasmonic resonance of structure to dielectric environment, we showed that such the scheme can also be used for the refractive index sensing simultaneously. Such advantage of dual-sensing in one structure will benefit the development of simple and cheap sensors for chiroptical sensing to chiral biomolecules.
Principle of Chiral Field Formation in 1D-PPG
For plasmonic-assisted CD detecting, the most important task is the generation of the chiral nearfield. The essence of the chiral field is the so-called optical chirality, C, which is mainly responsible for CD response. The optical chirality is defined as [38] , [39] 
where E and B are respectively the complex electric field and magnetic flux of the monochromatic field. From the definition, it can be seen that the optical chirality C possesses a handedness. That is, its value can be either positive or negative. In the plane wave approximation, C vanishes for the linearly polarized light and the maximum optical chirality is obtained for circularly polarized light
where c is the light velocity, and ε and ω denote the permittivity and angular frequency, respectively; the symbol "+" is for LCP and "-" is for RCP. From (1), it can be seen that non-zero optical chirality need parallel components of electric and magnetic field vector. Besides, the optical chirality is also dependent on their phase difference. For instance, optical chirality reaches a maximum for the case of ±π/2 phase difference between electric field vector E and magnetic field vector H and vanishes for the case of in-phase or antiphase. The collective excitation of conduction electrons in metal nanostructures can lead to a localized surface plasmons resonance (LSPR) when they interact with an incident light field [40] . Such LSPR is often accompanied by phase retardation [41] , [42] , which opens a route toward generating the nonzero optical chirality. For structures of finite size, it is difficult to obtain the desired phase distribution due to the complicated interference of the scattering from the structure edges. Ordinarily, it will lead to the coexistence of the optical chirality with different handedness close to the nanostructures, as reported in literature [6] , [43] . As a result, the overall performance of the enhancement CD effect will deteriorate. In this paper, therefore, we chose the one-dimensional periodic structure instead of the finite-size one to achieve the sign-uniform chiral field. Fig. 1 illustrates the geometry of the proposed 1D-PPG structure. On the whole, it is a kind of sandwich structure on a transparent substrate, where the top and bottom metal layers are separated by a dielectric spacer. The period of grooves is 450 nm and its width is a half that of the period. Each layer is of 100 nm thickness. A plane light with its polarization being off groove' direction with an angle θ is normally incident, as shown in Fig. 1(a) . The sensing analytes is infilled in the grooves and upper space. To investigate the resonant behavior of the proposed structure, numerical simulations were performed by employing a finite element method (using RF module of COMSOL Multiphysics package). The simulation model is shown as left inset of Fig. 1 (b): A numerical port was used to inject the light; the top and bottom perfect matched layers (PML) were used to absorb the reflected and transmitted light; the left and right boundary are set as Bloch periodic boundary condition. The dielectric spacer is assumed as MgF 2 with a permittivity 1.9 [44] ; the meal was assumed as bulk gold and its permittivity is described by the Drude-Lorentz model [45] , [46] . The substrate is assumed as silicon dioxide. The upper space above plasmonic-grooves is set with a height of 1000 nm and the substrate has a thickness of 500 nm. The infill is assumed as water with a refractive index of 1.33 for all simulations in this paper.
When only the transversal magnetic field (TM polarization, with the electric field polarized perpendicular to groove, θ = 90
• ) or the orthogonal transversal electric field (TE polarization, θ = 0 • ) is incident there will not form chiral field because the electric field E is always orthogonal to magnetic field H so that their dot product is always equal to zero. Contrastively, if both TM and TE polarized light are incident simultaneously the E vector coincide with H vector partly in the same direction, so a chiral field might be formed. Therefore, one necessary condition to generate chiral field on 1D-PPG is that the incident light must be of off-groove polarization since it can decompose into TE and TM components. The basic idea of the proposed scheme is to utilize the parallel E and H field vector from the off-groove polarized light and the phase retardation from plasmonic resonance to get a non-zero optical chirality near the 1D periodic plasmonic-structure.
To elaborate the behind mechanism, we firstly compare the optical response 1D-PPG structure for different polarized light. Fig. 1(b) presents the simulated extinction spectra (Ext = 1-TransmittivityReflectivity) of TM and TE polarized lights. It is seen that in contrast to results of TE light a peak (∼790 nm) appears in plots of TM light. The peak in extinction spectrum originate the maximum Ohmic dissipation in metal which is the appendage of the LSPR of 1D-PPG. At the plasmonic resonant wavelength, an enhancement and confinement of the electric field is generated in the groove, as shown in inset of Fig. 1(b) . Furthermore, there is always a phase retardation accompanying the plasmonic resonance. To elucidate the phase retardation, Fig. 1(c) presents the simulated phase distribution for different polarization at 790 nm wavelength. The result show that in contrast to TE light the phase of TM polarized light is dramatically disturbed near the nanostructure due to the plasmonic resonance. The wave-front of TM-polarized light has a larger delay than that of TE-polarized light, that result into a nonzero phase difference between the two orthogonal polarizations. The comparatively small phase retardation of the substrate is also shown for reference. To further characterize the phase retardation effect near the plasmonic structure, we plotted the absolute value of phase difference abs( ϕ TM −TE ) between Hy field vector of TM light and Ey vector of TE light at different points along the central line of groove. These data-collecting points are aligned by an equal interval distance of 100 nm with the first one is 100 nm above the substrate, indicated as the white dash line in Fig. 1(c) . It can be seen that in the range from 600 nm to 1000 nm, wherever in or outside grooves, the results vary from 0 π to 0.5 π. The non-zero abs( ϕ TM − TE ) implies that the electromagnetic field close to structure possesses optical chirality. These results demonstrate that the two necessary conditions to generate non-zero optical chirality are satisfied when the TE and TM polarized light are incident on 1D-PPG structure simultaneously.
Handedness-Switchable Super Chiral Field in Grooves
Because the off-groove polarized light can decompose into TM component and the orthogonal TE component, it is possible to obtain the chiral field in grooves by setting the incident light a nonzero polarization angle with respective to the groove's direction, shown as in Fig. 1(a) . Moreover, the reverse of handedness of the chiral field can be achieved by reversing the incident polarization by an opposite angle. To verify the analysis above we set the off-polarization angle as ±45°to calculate the optical chirality. Note that this scheme is also applicable for other mirror-symmetric polarization angle. 45°is the optimized choice since they can provide the maximum optical chirality. The distributions of normalized optical chirality C and electric field |E| for two off-groove polarizations at resonant wavelength (790 nm) are given in Fig. 2(a) . All the results have been normalized by the incident electric field E i nc or optical chirality C CPL of LCP light with an equal electric field strength of incident linearly-polarized light, i.e., |E | = E /E i nc , C = C/C L CP . Thus, the color scale represents the enhancement factor with respective to the incident light.
We can see the chiral field has same handedness in entire filling area; besides, inside groove the normalized C is even greater than unit that is called super chiral field [2] , [3] . Such the enhancement is owned to the plasmonic enhancement of electric field. As seen in electric field distributions, a localized electromagnetic field is confined between upper and lower metal layers and thus get enhanced, that are the typical features of LSPR. With the contribution of nonzero phase difference of E field vector and H field vector it gives rise to a super chiral field in local area. Additionally, the optical chirality C get reversed in sign when the incident polarization is mirror-symmetrically changed, i.e., θ change from −45°to + 45°, or vice versa. The handedness-reverse of optical chirality is resulting from the reverse of phase difference between electric field and the corresponding parallel magnetic field. The phenomenon can be understood from the view of symmetry. As the definition shown in (1), optical chirality has odd parity symmetry, i.e., it will change its sign under a mirror reflection. In the case of normal incidence, the + 45°and −45°polarized plane are just mirror-symmetrical. Therefore, the opposite chiral field can be generated by the mirror-symmetrically polarized illumination.
For a further evaluation of the optical chirality, the volume-averaged optical chirality versus wavelength for two polarizations are shown in Fig. 2(b) . Volume-averaged optical chirality is defined as C = 1 V CdV . The solid lines are the results calculated in grooves solely. It is obvious that the averaged C has a peak with maximum value greater than unit at plasmonic resonant wavelength, suggesting that the super chiral field is indeed formed in groove. In contrast, the results of the averaged optical chirality calculated in entire filling area (including the upper area and groove) show no obvious peak at resonance position, but a slight increase along wavelength, shown as the dashed lines. This is because in the upper area far from the plasmonic near-field region electric field and the optical chirality are smaller than that in grooves and thus a lower average value. It is worth emphasizing that in spite of the decrease in the plasmonic resonant frequency, the entire volume-averaged optical chirality at the long wavelength is still relatively large: 0.75 at 1000 nm. It implies that the total field in the upper area is of elliptic polarization, which is also useful for the CD detecting.
Proof of Principle for the 1D-PPG based Chiral Sensing Scheme
The 1D-PPG structure excited by the off-groove polarized light provide a novel way to generate confined and enhanced chiral fields with different handedness. Hence, it has potential for the chiral analysis of filling sample. As demonstrated above, the +45°and −45°polarized incidences generate enantiomorphic chiral fields in grooves and upper area. When the grooves are filled with chiral analytes, a non-zero differential extinction signal due to the absorption difference of the chiral analytes is expected for two opposite polarizations. The differential extinction E xt is the desired CD response signal, which arise from chirality of the analytes solely, not from the structures at all. In order to prove the feasibility of the chiral sensing of this proposed scheme, we conducted additional simulations in which setting the filling as the chiral sample and compare the extinction spectra of the +45°and −45°polarized incidences.
For this study, we modified the standard simulation environment of COMSOL software by referring to [46] . The following chiral constitutive equations are used to account for the chiral medium [47] :
where D is the electric displacement, while H denotes magnetic field strength; and ε r and μ r denote the relative permittivity and permeability, respectively. For chiral media, the so-called Pasteur parameter κ is to indicate the electric-magnetic cross-coupling, the sign of which determine the handedness of the chiral medium.
To demonstrate proof of principle we infill the grooves and upper space with a chiral medium with ε r = 1.768 + 0.01i and Pasteur parameter κ = 0 ± 0.001i (or κ = 0 ± 0.002i ). Note that these parameters do not describe a realistic chiral medium. It is just for demonstrating the ability of chirality analysis of the proposed scheme. Three kinds of the filling, namely, enantiomers (setting κ = +0.001i or κ = −0.001i ) and achiral racemic mixture (setting κ = 0) were numerically studied. Fig. 3 displays the differential extinction spectra E xt of different handedness enantiomer. It is shown, the nonzero κ gives rise to nonzero E xt and the plots agree well with trend of the entire volume-averaged optical chirality in Fig. 2(b) . Also, the plots of r the enantiomers perform as mirror-symmetry around zero line, that agree with the theoretical prediction well. Besides, it is evident that the intensity of differential extinction signal proportionally increases with increasing the Pasteur parameter, κ, that allow for the measure of racemic ratios changes of enantiomer mixture. These results prove that the 1D-PPG based CD spectroscopy under linearly polarized illumination is feasible in principle.
Since the LSPR is sensitive to refractive index changes, we can use the proposed plasmonic structure for the refractive index sensing as well. Herein, the sensitivity of the LSPR to refractive index is evaluated by setting the filling with various refractive indices, n fi lli ng . In Fig. 3(b) , a redshift of LSPR peak is observed when the filling refractive index increases. The index sensitivity, dλ L SPR /dn fi lli ng , was calculated to be 207 nm/RIU by plotting the LSPR wavelengths with refractive indices, as shown in the inset.
Discussion and Conclusion
The combination of refractive index sensitivity and the handedness switch of chiral field demonstrated the dual-modality approach of the proposed sensing scheme in one measurement. This dual-sensing concept offers an advantage over classical CD measurement method. It is also noteworthy that the sensor design is highly scalable and the resonant wavelength where optical chirality reaches a maximum value can be tuned to the interested frequency by changing the sizes appropriately. The main purpose of this paper is to demonstrate proof of principle of the proposed scheme. The geometry of the proposed nanostructure has not been optimized in this paper; thus, the plasmonic resonance, i.e., the refractive index sensing signal, is relatively broad. By optimizing the structure, it is expected that the sensing performance of the method, such as sensitivity and figure of merit, can be much improved.
In conclusion, we have demonstrated the 1D-PPG structure can give rise to the enhanced chiral near field under illumination by off-groove linearly polarized light. Moreover, the handedness of optical chirality of chiral field can be reversed by setting the incident polarization to the mirrorsymmetrical one. Based on 1D-PPG structure we proposed a novel CD spectroscopy scheme. Our proposed scheme can provide the sample's chirality information without relying on the additional CD spectroscopy instruments by detecting the nonzero differential extinction spectrum of the 1D-PPG illuminated by two mirror-symmetrically polarized light. In addition to CD sensing, the refractive index sensing based on the LSPR shift of 1D-PPG is also allowed. The combination of LSPR-based refractive index sensing and novel CD sensing opens up a new pathway for plasmonic bio-sensing. The sensing scheme presented in this work is compatible to a large variety of nanofabrication technologies. It has great potential for developing cheap chiral sensing chip in which only simple measurements are needed.
